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iridium thin films
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ABSTRACT
Thin film coated mirrors enable pioneering observations of X-rays and soft gamma rays. The performance of the
reflective mirrors is key in expanding knowledge of the hot and energetic Universe.
A critical part of maturing the optics technology is firstly, to establish a smooth surface and interface of the
selected materials and, secondly, to obtain an in-depth understanding of the contamination in the thin films and
ultimately, to ensure long-term stability.
The aim of this study is to investigate the chemical composition, roughness and stability of boron carbide and
iridium thin films and the effects of nitrogen incorporation.
Keywords: Reactive sputtering, XPS, Athena, Silicon Pore Optics (SPO), Multilayer Deposition, DC Mag-
netron Sputtering, XRR, X-ray Optics
1. INTRODUCTION
Excellent thin films are crucial in advancing the performance and throughput of future X-ray optics missions. The
increasing demand from the science community for mapping and exploring the hot and energetic Universe pushes
the technology development. Several X-ray missions are under concept review and others are selected for flight,
here-under Athena1, an X-ray observatory selected by ESA as their X-ray astronomy flagship. Furthermore,
other mission concepts such as LYNX2 the High-Energy X-ray Probe (HEX-P)3 are under considerations. These
missions shall collect photons in a wide energy band, some from 100 eV - 12 keV and others from 2 keV - 200 keV.
As a large collecting area is required to fulfill the science requirements, focusing optics are decisive. Focusing
optics take advantage of thin films to increase the effective area of the telescope.
Simulations show that in the 100 eV - 12 keV energy range, iridium and boron carbide thin films have excellent
reflective properties4,5. In 2016 we showed long term stability of Cr/Ir/B4C trilayer films from 8.047 keV
reflectivity scans6. Recently, we have observed instability of boron carbide in terms of composition variation
when exposed to ambient7.
In this article we investigate single films of boron carbide and iridium deposited non-reactively and reactively. We
will map the potential chemical states in boron carbide and iridium through X-ray photo-electron spectroscopy.
In addition we investigate the effect of introducing nitrogen in the sputtering process causing boron carbide to
react with the nitrogen, ultimately, producing boron nitride and carbon nitride8. We are investigating several
nitrogen/argon gas fractions to determine the nitrogen incorporation in the thin films and the potential in-
susceptibility to oxygen incorporation after film deposition.
2. EXPERIMENTAL
2.1 Sample preparation
The thin films discussed in this article were deposited on silicon pieces, referred to as witness samples in this
article, of dimension: 70 mm x 10 mm x ∼0.75 mm. The pieces originate from dicing 300 mm P/boron doped
double side polished silicon wafers. However, as a result of the dicing process, contamination was observed on the
surface of the silicon. This was observed through Atomic Force Microscope (AFM) characterization, performed
at two spots on the surface of a witness sample, illustrated in figure 1. The images in figure 2 illustrate the
surface of the uncleaned witness samples. We presumed the contamination composition was organic, based on
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experience9. As a result, we plasma cleaned the witness samples with the following parameters: O2: 400 sccm,
N2: 70 sccm, power: 1000 W, duration: 10 min The outcome is presented in figure 3, illustrating a clean silicon
surface. The RMS values presented in table 1 are calculated using a 1D-PSD included in the NanoScope software.
The surface roughness improved by a factor of 10 by plasma cleaning the witness samples.
Figure 1: Illustration of scan area for spot 1 and spot 2.
Table 1: RMS values for uncleaned and cleaned silicon
substrates.
Spot 1 Spot 2
Scan size σ σ
(µ m) (nm) (nm)
Before plasma 1.00 × 1.00 0.53 2.07
cleaning 10.0 × 10.0 1.49 1.83
After plasma 1.00 × 1.00 0.20 0.20
cleaning 10.0 × 10.0 0.13 0.13
Figure 2: Images of the uncleaned witness sample surface.
AFM measurements with scan-sizes: 1 x 1 µm and 10 x 10
µm.
Figure 3: Images of the cleaned witness sample surface.
AFM measurements with scan-sizes: 1 x 1 µm and 10 x 10
µm.
2.2 Thin film deposition
Single layers of iridium and boron carbide has been prepared using direct current magnetron sputtering, see figure
4. The base pressure of the chamber was lower than 2 ·10−6 Torr to ensure a low amount of contamination in the
chamber. The films were deposited in a pure argon and in a mixed argon/nitrogen atmosphere. To investigate
the nitrogen incorporation in the thin films four different Ni/Ar gas fractions were studied (table 2). The total
gas pressure in the chamber was kept between 2.9 − 3.1 mTorr for film growth. The pressure range was due to
thermal conditions during deposition.
The power density applied to the iridium and the boron carbide targets were 3.10 W/cm2 and 5.17 W/cm2,
respectively. The target dimension is 508 mm in length and 38.1 mm in width. The substrate to target distance
is ∼ 155 mm.
A 5 minutes presputtering was performed prior each process to remove contamination on the target surface and
ensure a stable plasma.
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Table 2: Total gas pressure of 3±0.1 mTorr. Niflow = Arflow( x1−x ), where x is the gas fraction.
Process # Ar flow rate N2 flow rate Gas fraction
(sccm) (sccm) %
1 96 0 0
2 88 4.6 5
3 85 9.4 10
4 81 14.3 15
Figure 4: Deposition of iridium films.
3. RESULTS
3.1 Ir and B4C film composition
The thin film compositions were studied in-depth with XPS measurements and the results were used as a basis
for the XRR modelling. The XPS measurements were performed in a Thermo Scientific K-Alpha system allowing
for depth profiling analysis with the integrated Ar ion-beam sputter etcher (see measured sample in figure 5).
The samples were probed with a monochromized beam (Al K-Alpha: 1486.6 eV) at a take-off angle of 90◦. For
the non-conductive films, positive charge builds up locally and to minimize the effect charge compensation was
performed with an ion gun. The depth analysis of the equipment was ∼ 9 nm. The acquired atomic spectra
were subtracted with a Shirley background and deconvoluted mainly with Gaussian-Lorentzian curves.
The chemical composition of the Ir film is shown in figure 6. We detected C1s, N1s and O1s on the surface of
the Ir film, which we ascribe to hydrocarbons accumulating from the atmosphere. The Ir 4f peak was fitted with
a LF(0.6, 1, 50, 150) line-shape with a peak at 61.0 eV. Similar results were obtained for reactively sputtered Ir,
indicating no reaction of iridium with nitrogen. The depth profile of non-reactively sputtered iridium is presented
in figure 9.
The non-reactively deposited boron carbide film indicates a strong reaction with oxygen and nitrogen after
deposition. The numerous chemical bonds shown in figure 7 are likely explained by a highly porous deposited
film.
The peak binding energies in the B 1s spectrum indicate stochiometric B4C measured at 188.4 eV
10,11. The
189.9 eV and 189.6 eV peaks we assign to a B-C bindings.. In the film surface we observe oxidized boron in two
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Figure 5: Image of a piece of the coated substrate after XPS measurement. The etched area is indicated as a bright
rectangle.
states; we assign the peak at 192.3 eV to boron oxynitride12, which is likely an intermediate state between boron
nitride generally reported at 190.6 eV and boron oxide (B2O3) that we observe at 193.6 eV.
The C 1s spectrum was deconvoluted into four component peaks for the film surface and three components for
the film interior. Peaks were identified at 283.0 eV, 284.6 eV, 286.4 eV and 288.4 eV. The two lower energies
we annotate to B4C and C-C, respectively, and the two higher energies we assign to C-O and C=O, carbon
oxide states13,14,15. In the interior of the film, we observe mainly B-C bindings in different states, however no
indication of oxidized carbon.
The N 1s energy states are primarily present in the film surface due to atmospheric influence on the film. Liter-
ature suggest different chemical states of the binding energy; some propose carbon nitride, others boron nitride
and for the highest energy state of 288.4 eV all agree that it is a carbon oxide state. We keep in mind that the
atomic concentration of nitrogen is as low as ∼ 2% observed in figure 10.
The peak energies for O 1s are located at 531.8 eV and 532.9-533.0 eV in the film surface as well as the film
interior. The latter we ascribe to a C-O chemical state and the former we believe is B2O3. The formation of
oxide layers on top of thin boron carbide films is well-known and arises from exposure to ambient16, even at
room temperature. A higher concentration of oxygen is observed in the film surface, presented in figure 10. We
explain this by a surface saturation of boron oxide and the further diffusion of oxygen into the film is minimized.
The films grown from the reactively sputtered boron carbide target only show one component in the B 1s
spectrum with a peak energy at 192.0-192.4 eV (figure 8). Again, we annotate these components to a boron
oxynitride state. According to a study performed with RF sputtering of boron nitride films, any residual water
or oxide gasses during deposition will affect the stability of the boron nitride films, when exposed to ambient17.
We derive from this statement that the boron nitride films deposited in our experiment reacted with oxygen into
the boron oxynitride state.
Similar to the surface of the non-reactively sputtered boron carbide film we obtain C-N and C-O states in the C
1s, N 1s spectra and O 1s.
The films were only 6-7 nm thick and the peak energy at 532.4 eV is likely originating from the native silicon
oxide layer on the substrate.
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Figure 6: Energy states of non-reactively sputtered iridium film.The Ir 4f spectra was fitted with a LF(0.6,1,50,150)
line-shape.
Figure 7: Energy states of non-reactively sputtered boron carbide.
Figure 8: Energy states of the reactively sputtered boron nitride films.
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Figure 9: Atomic concentration vs etching time of non-reactively sputtered iridium.
Figure 10: Atomic concentration vs etching time of non-reactively sputtered boron carbide.
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3.2 Ir and B4C film stability
After each deposition we immediately performed 8.047 keV X-ray reflectometry on the samples (setup is described
in18). Furthermore, we systematically measured the same samples after 7 days, 1 month and several months to
identify potential film instabilities.
For iridium films deposited non-reactively and reactively we observe no changes in reflectivity for four measured
thicknesses; 4.6 nm, 8.3 nm, 16.7 nm and 25.6 nm. The same is valid for reactively sputtered iridium with
thicknesses; 4.4 nm, 8.1 nm, 16.2 nm and 24.5 nm. The reflectivity plots are presented in figures 11 and 12. In
addition we do not observe any chemical state time variation for all deposited Ir films.
Figures 13 and 14 show the reflectivity curves of non-reactively and reactively sputtered boron carbide films.
Suggested by the results from the XPS measurements, there is a chemical variation in the films and this also shows
up in the XRR measurements. We believe the change in reflectivity is caused by a change in film composition
as a decrease in film thickness seems unlikely. The best fit models we obtained consisted of a single layer for the
very thin films and a double layer for the thicker films. However, the film composition was more complex than
the models we were able to create in the software. From XPS measurements we observe a decrease of intensity
in the B 1s spectrum and an increase in the C 1s spectrum.
Figure 11: Reflectivity vs grazing incidence.
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Figure 12: Reflectivity vs grazing incidence.
Figure 13: Reflectivity vs grazing incidence.
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Figure 14: Reflectivity vs grazing incidence.
4. SUMMARY
DC magnetron sputtered iridium films show excellent chemical and reflective properties for X-ray optics. A
layer of hydro-carbon originating from ambient conditions is observed on the surface of iridium, which agree
with previous studies performed on iridium films. No chemical nor reflectivity changes is observed when we
introduced nitrogen in the sputtering process. However, the deposition rate slightly decreased.
The boron carbide films proved chemically unstable when exposed to the ambient. We studied the chemical
states of the boron carbide film and observed several B-O and C-O states in the film surface.
The same is valid for reactively sputtered boron carbide, though, we only observed a single component in the
B 1s spectrum, which we annotated boron oxynitride. It is still under investigation, whether, the oxygen in the
boron nitride film originates from the deposition process or the exposure to ambient conditions after deposition.
We did not observe changes in the composition of boron carbide films with respect to gas fraction.
The X-ray reflectivity measurements revealed time-variation of the boron carbide deposited films fortifying the
XPS results.
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